A high energy return on energy investment (EROI) of an energy production process is crucial to its long-term viability. The EROI of conventional thermal electricity from fossil fuels has been viewed as being much higher than those of renewable energy life-cycles, and specifically of photovoltaics (PVs). We show that this is largely a misconception fostered by the use of outdated data and, often, a lack of consistency among calculation methods. We hereby present a thorough review of the methodology, discuss methodological variations and present updated EROI values for a range of modern PV systems, in comparison to conventional fossil-fuel based electricity life-cycles.
Introduction
The flourishing of most modern societies has largely been made possible through the exploitation of vast reserves of fossil carbon, such as petroleum oil, natural gas and various grades of coal (Cleveland et al., 1984; Hall et al., 2008; Murphy and Hall, 2011) . Conventional oil and gas reserves are being depleted at an increasingly fast rate, both domestically in the USA and globally. In fact, there is strong evidence that we may be rapidly approaching what is often referred to as peak oil , i.e. the absolute peak in global production, generally assumed to correspond to the point at which half of the economically extractable cumulative reserves have been consumed (Campbell and Laherre, 1998) . Even more worrisome is the related fact that what is left is becoming increasingly more costly to extract, both in economic and in net energy terms (Hall and Cleveland, 1981; Cleveland, 2005; Hall and Day, 2009; Gagnon et al., 2009; Murphy and Hall, 2010; Murphy and Hall, 2011 ).
The energy return on energy investment (EROI) indicator was introduced to provide a numerical quantification of the benefit that the user gets out of the exploitation of an energy source, in terms of how much energy is gained from an energy production process compared to how much of that energy (or its equivalent from some other source) is required to extract, grow, etc., a new unit of the energy in question (Murphy and Hall, 2010) . In the case of a fossil fuel, EROI is calculated as the ratio of the energy in a given amount of the extracted and delivered fuel (E Feed ) to the total primary energy used in the supply chain (E ED , i.e. the energy that is directly and indirectly required to extract, refine and deliver the fuel):
Eqn. 1)
EROI F = E Feed / E ED The EROI of oil and natural gas has shrunk from higher than 100 (for domestic US oil at the wellhead) in the 1930 s (Cleveland et al., 1984; Cleveland, 2005) , to around 30 for global oil in the 1990 s (Gagnon et al., 2009) , and relatively stable, since coal reserves are farther from being depleted. However, coal is a less flexible fuel than oil or gas, it cannot be directly used to power vehicles, and its combustion invariably entails higher environmental impacts, in terms of greenhouse gases, sulphur oxides and particle emissions.
As societies evolve, they often come to rely more and more heavily on electricity as a ubiquitous and versatile energy carrier. To date, approximately 80% of global electricity is of fossil origin, with oil-and gas-fired power plants providing over 30% of the total (IEA, 2008) . The decreasing EROIs of oil and gas reserves therefore negatively impact electricity generation too, since less net energy is available in the first place to produce it.
Renewable electricity generation technologies (i.e. those that rely on renewable primary energy as their main energy input) still provide only a small percentage of global electricity generation, but their market shares are growing steadily; in particular, the installed photovoltaic (PV) capacity has undergone a ten-fold increase over the last five years (Kautto and Jaeger-Waldau, 2009 ). Increased market penetration of PV technologies has also been paralleled by incremental improvements in their environmental performance, as amply documented by a large body of scientific literature (Fthenakis and Alsema, 2006; Raugei et al., 2007; Fthenakis et al., 2009; Held and Ilg, 2011; Fthenakis and Kim, 2011) .
The relative performance of PV in terms of EROI, however, has so far been impaired by a dearth of clearly defined and consistently framed comparative studies.
Several published studies have indicated PV (and to a lesser degree also wind) as 4 having often discouragingly low EROI, when compared to conventional fossil-based energy Hall, 2008; Hall and Day, 2009; Murphy and Hall, 2010; Heinberg, 2009; Kubiszewski and Cleveland, 2009; Lloyd and Forest, 2010) . We herein provide a careful systematic discussion of the underlying assumptions and calculations, and provide new calculations based on the latest published life cycle analyses of PV systems.
Methodological issues
While it might appear deceptively simple at first sight, the discipline known as Net Energy Analysis, of which the EROI indicator is one of the most famous outcomes, is ridden with many insidious caveats which, unless carefully considered and clearly addressed, risk turning the whole approach into an exercise in futility. This fact has been widely acknowledged since the early days of the method, and has been the object of continued discussion ever since (Slesser, 1974; Leach, 1975; Chambers et al., 1979; Herendeen, 1988; Herendeen, 2004; Mulder and Hagens 2008) .
In this section, we aim at providing a balanced discussion of what we consider to be the main methodological issues that have so far resulted in a lack of consistency among the many calculated values for the EROI of PV, especially when set against the backdrop of conventional fossil-fuel electricity.
Energy investments and Primary Energy Sources vs. Energy Carriers
First of all, as obvious as it may sound, the calculation of the energy return on (Murphy and Hall, 2011) .
Regrettably, a clear definition of system boundaries is missing in many published EROI studies of electricity production. In those studies in which a classification of the energy inputs is provided, the common practice is to draw the system boundaries so as to include the construction and end-of-life of the power plant structure as part of the energy investment .
This is illustrated in Figure 1 for a generalized electricity production system, where:
· E FF = non-renewable PES in the ground (e.g. crude oil)
· E Feed = energy of extracted and delivered EC (e.g. heavy fuel oil) = direct non-renewable energy input for electricity production (feedstock)
= energy for the supply chain (extraction and delivery) of the feedstock, expressed in terms of (renewable + non-renewable) Primary Energy · E PP = energy for the construction and end-of-life (EoL) of the power plant, expressed in terms of (renewable + non-renewable) Primary Energy · E R = direct renewable Primary Energy input for electricity production (usually excluded from the EROI calculations)
· E OUT = net electricity (EC) output
6
All input and output energy flows are computed over the entire lifetime of the system.
Figure 1
System boundaries for EROI analysis of a generalized electricity production system.
It should be noted that the same diagram applies to both conventional thermal systems (where E Feed is the energy in the feedstock fuel driving the system, and E R is the renewable energy of the wind needed to disperse the combustion gases at the stack) and renewable systems (where E Feed and E ED are zero, and E R is the renewable energy driving the system, e.g. sunlight for PV).
The resulting widely accepted formula for the EROI of the produced electricity is:
This essentially corresponds to answering this type of question: We have some energy in hand (E ED + E PP ); how much energy return (E OUT ) do we get if we invest it to (1) build a power plant (E PP ) and (2, where required by the technology being analyzed) extract and deliver (E ED ) some fossil fuel feedstock to operate it to produce electricity?
Incidentally, it should be acknowledged that the formal distinction between feedstock energy (E Feed ) and energy investment (E ED + E PP ) is somewhat arbitrary:
in practical terms, both are crucial contributors to the system s functioning over its life time, and both ultimately come from outside the system s boundaries. More precisely, the feedstock fuel extraction and delivery process is included within the analyzed system, but its output (E Feed ) is driven by a (larger) input of non-renewable Primary Energy from an outside fossil fuel reservoir (E FF ). A direct input of renewable energy from outside the system (E R ) is also always required, for both renewable and conventional power systems (e.g. PV requires sunlight, and a coal power plant requires wind for dispersing the combustion gases and other pollutants emitted at the stack).
As a result, it must be kept in mind that the EROI metric is not to be interpreted as an overall measure of primary energy demand per unit of energy output, or a sort of life cycle energy conversion efficiency . In fact, by way of how the EROI ratio is defined, the two largest direct energy inputs to the system (E Feed and E R ) are not accounted for as part of the denominator, which instead only includes the primary energy previously invested to make them available (E ED ), plus the further investment in terms of the primary energy required for the power plant (E PP ).
This has profound policy implications that must be kept in mind at all times.
What EROI really indicates is how easy (in energy terms) it is to exploit the available Primary Energy Sources (E FF + E R ), by investing a given amount of energy which one already has at one s disposal (the latter energy investment = E ED + E PP is obviously made in the form of readily usable Energy Carriers, but it is accounted for in terms of the underlying Primary Energy).
Thus, EROI provides a good indication of the benefit that a society may get by choosing one primary energy exploitation system , in times of relative abundance of that form of primary energy. In other words, it tends to favour those systems that produce the best bang for the buck (E OUT /(E ED +E PP )), irrespective of how much energy is directly required to flow through the system in absolute terms in order to sustain the production of one unit of energy output ((E Feed +E R )/E OUT ). Also, importantly, EROI does not differentiate between renewable and non-renewable primary energy inputs, and is thus blind to the overall amount of non-renewable energy (E Feed + the non-renewable portion of E ED and E PP ) that is consumed per unit of energy output, i.e. to how quickly the system is geared to deplete the nonrenewable primary energy resources on which it feeds. As a result, when two alternatives are compared, the one having the higher EROI may at the same time be the one which entails the faster depletion of high-quality non-renewable primary energy stocks, per unit of energy output. Hence, taken in isolation, EROI is arguably a rather poor indicator of the long-term sustainability of an energy exploitation system, and making far-reaching policy decisions only based on this one metric is not recommendable.
PV electricity and its Primary Energy equivalent
In the existing literature on PV systems, one of the most commonly employed indicator of their energy performance is the Energy Pay-Back Time (EPBT), defined as (Fthenakis and Kim, 2011; Fthenakis et al., 2011; Raugei, 2011) :
· E PP = energy for the construction and end-of-life (EoL) of the PV power plant, expressed in terms of (renewable + non-renewable) Primary Energy · E OUT-eq,yr = net yearly electricity output, expressed in terms of equivalent Primary Energy 9 EPBT (measured in years) is meant to denote how long it takes for a PV system to produce enough electricity to offset to the cumulative Primary Energy required to build (and later decommission) the system (E PP ). The conversion from the yearly electricity output (an Energy Carrier) to its equivalent Primary Energy is normally done on the basis of the life cycle energy conversion efficiency of the current electric grid ( grid ), i.e. E OUT-eq,yr = E OUT,yr / grid , where for instance grid = 0.29 for the USA, and grid = 0.31 for the EU-27 (Ecoinvent, 2011) .
In order to relate EPBT to EROI, the following formula has been used (Hall, 2008; Heinberg, 2009; Lloyd and Forest, 2010) :
where T = system s lifetime.
It is noteworthy that this differs from Eqn. 2 in Section 2.1, in that the net energy output over the PV system s lifetime in Eqn. 4 is expressed in terms of its Primary Energy equivalent (E OUT / grid ), and not directly as electricity (E OUT ). All else being equal, the EROI resulting from the application of Eqn. 4 is thus higher by a factor of (1/ grid ) than that resulting from Eqn. 2.
Unanimous agreement is lacking in the published literature, and sometimes the EROI of PV (as well as that of other renewables like wind energy) is instead computed without the prior conversion of the generated electricity into its primary energy-equivalent, i.e. according to Eqn. 2 (Kubiszewski and Cleveland, 2009; Kubiszewski et al., 2010) . Also, in virtually all published studies, the simple (yet potentially ambiguous) term EROI is invariably used, without any specifying subscripts such as the ones introduced here. This lack of consistency among the published studies has been a source of confusion and lack of comparability, which has occasionally been made worse by the omission of any clear indication of the adopted convention (Hall and Day, 2009 
New calculations
Besides methodological inconsistencies, another reason for the low EROI numbers for PV often reported in the hitherto published literature has been the use of outdated data. Using up-to-date values for PV systems is especially important, given the extremely fast rate of technological change in the current dynamic situation. In fact, combining the technical specification of modern state-of-the-art commercial modules with performance ratios derived from extensive experimental field data is arguably the most valid approach to assessing the level of energy performance that can be expected of a PV system today. Conversely, defaulting to measured electricity generation records from existing installations only returns an aggregated measure of the performance of a long chain of system components, some of which are likely to be no longer representative of the current state of technological advancement, and is therefore not a viable alternative if one wishes to faithfully portray a technology that is still in such a state of flux.
We herein present the results of our new EROI calculations for a range of modern PV systems (mono-crystalline Si, multi-crystalline Si, ribbon Si and CdTe thin film), based on the most recent published LCA studies by ourselves and other colleagues (Fthenakis et al., 2009; Held and Ilg, 2011; Fthenakis and Kim, 2011) .
Data were normalized to assume conservative performance ratios (PR) of 75% for rooftop mounted systems and 80% for ground mounted optimal latitude installations, which also implicitly account for module degradation . In all cases, the complete PV system was addressed, including all balance of system (BOS) components, and the analysis was extended to the full life cycle, including take back and recycling, and assuming an industry-standard PV system lifetime (T) of 30 years . We also adopted the average southern European ground-level insolation, i.e. 1,700 kWh/(m 2 ·yr), which incidentally coincides with the mean global insolation (horizontal surface) in between the Arctic and Antarctic circles (NASA, 2008) . Finally, the EU-27 electric grid efficiency ( grid = 0.31) was used, when called for, to convert the electricity generated by PV into its Primary Energy equivalent , in accordance with the common practice for EPBT calculations.
Our full EROI calculations for PV are illustrated in Table 1 .
For comparative purposes, we also calculated the EROI of oil-and coal-fired thermal electricity. We took the primary energies required for the respective power plants (E PP ) and the total direct inputs of feedstock energies over their 30-year lifetimes (E Feed ) from the reputable LCA database Ecoinvent v.2 (Jungbluth, 2007; Dones et al., 2007; Ecoinvent, 2011) ; we then back-calculated E ED for each as E Feed /EROI F .
Our full EROI calculations for oil-and coal-fired thermal electricity are illustrated in Tables 2 and 3 . (a) It is noted that current efficiencies of mono-c Si and CdTe PV are slightly higher than those stated here; correspondingly, their EROIs are also higher.
Subscripts to energy units stand for: el = electricity; PE = Primary Energy; PE-eq = Primary energy equivalent (based on grid ).
Table 2
EROI calculations for oil-fired thermal electricity. LCI data from (Ecoinvent, 2011; Jungbluth, 2007) Ref. Eqn (a) Weighted averages respectively for European (UCTE) lignite-fired electricity ( minimum column) and hard coal-fired electricity ( maximum column).
Subscripts stand for: el = electricity; PE = Primary Energy.
Discussion
Starting with the most straightforward approach, i.e. adopting the system boundaries illustrated in Figure 1 and applying Eqn. 2, we may compare the ensuing EROI el of PV electricity to the EROI el ranges for oil-and coal-fired thermal electricity (Figure 2) . These results show that, when accounting for the energy return as a straight Energy Carrier (i.e. electricity as such), the resulting EROI el of PV spans approximately the same range (EROI el 6 12) as the EROI el of conventional oilfired electricity systems (EROI el 4 11), while the EROI el of coal-fired electricity systems come out approximately double of that of PV (EROI el 12 24). However, it should not be forgotten that thermal electricity production, and coal-fired systems in particular, suffer from much higher life-cycle greenhouse gas emissions than PV (Fthenakis and Kim, 2011) , which would be energy-intensive to reduce by means of carbon capture and storage (CCS), thereby considerably reducing the final EROI el .
These results show that investing energy to build and operate PV power systems or conventional fossil fuel-based electricity generation systems are, today, essentially comparable options in terms of the amount of electricity delivered ( returned ) over the 30 years of their operational lifetimes. Of course, a crucial difference between PV and the two conventional systems remains, though, which the EROI indicator was never designed to address: conventional thermal electricity production systems to resolve intermittency and make PV electricity a continuous energy source that is fully functionally equivalent to a fuel, are not included).
As expected, applying Eqn. 4 results in higher EROI PE-eq for the PV systems vs. the corresponding EROI el , exactly by a factor of (1/ grid ) = 3.2. This new comparison
shows that the equivalent primary energy that is virtually 'returned' to society (i.e. preserved for alternative uses) when one chooses to invest a given amount of primary energy to build and operate a PV system is actually marginally higher (EROI PE-eq = 19 38, mean = 28.5) than the average energy delivered by oil itself, were one to invest the same amount of primary energy at hand in extracting and delivering that oil (EROI F = 10 30, mean = 20). Coal, as a fuel, is instead characterized by a more favourable energy return on energy investment (EROI F = 40 80, mean = 60); however, it must not be overlooked that coal is a less flexible and more polluting energy carrier than oil, which needs to be liquefied (or even converted to electricity) before it can be used for a number of important end uses (e.g. modern high-efficiency internal combustion or electric engines for transportation), with concomitant energy losses that will result in a reduction in its final EROI at the point of use.
Outlook
It is important to stress that the EROI results for PV presented here cannot be simply extrapolated to the future. On one hand, technological improvements are expected to continue providing incremental life cycle energy efficiency gains to the existing PV technologies, and even radically more efficient, third-generation devices might become available in the long run. On the other hand, PV is not a base-load technology, and deploying it on a large scale, beyond approximately 20% of grid penetration, may require building an extensive energy storage infrastructure (Denholm and Margolis, 2006; Lewis, 2007) . To date, compressed air energy storage (CAES) is the least expensive large-scale option, but finding appropriate porous media underground reservoirs is a challenge and a conventional CAES plant requires approximately 3.5 MJ/kWh of additional natural gas to heat the compressed air when the latter is released to run a gas turbine (Mason et al., 2008) . Advanced adiabatic CAES (AA-CAES) might become viable in the future, with an anticipated 50% cycle efficiency (Pickard et al., 2009) ; flexible fabric structures anchored to the seabed are also being investigated for their potential to be a clean, economicallyattractive means of energy storage (Pimm and Garvey, 2009 ).
Most importantly, a fully-fledged long-term analysis of the EROI of PV vs.
conventional energy generation cannot be done by analysing the individual systems in isolation. Such analysis would instead require accounting for combinations of different renewable energy generation systems, their interconnections and storage to satisfy regional or global load demands (Nikolakakis and Fthenakis, 2011) . Also, as deployment increases, minor additional losses in life cycle efficiency might at times be caused by the necessity to compensate for intermittency with lowerefficiency marginal technologies.
Additionally, as discussed elsewhere (Raugei, 2011) , any change in the future composition of the electric grid is expected to affect the results of the EPBT calculations for PV systems, in addition to and independently of any concurrent changes in their intrinsic energy performance. Since this issue is strictly a consequence of how EPBT is operationally defined, it also affects EROI PE-eq if the latter is calculated according to Eqn. 4.
Finally, it is incontrovertible that the negative effects of the greenhouse gas (GHG)
emissions caused by the combustion of fossil fuels in conventional thermal power plants cannot remain unaddressed much longer without taking an increasingly heavy toll on human societies in terms of external monetary and energy costs.
Although hard to quantify precisely, even if it were feasible to reduce the life cycle GHG emissions of fossil fuelled electricity to a similar level as that of PV, this would result in a reduction in its EROI, when analyzed at a suitably large scale.
The interplay of all the issues hinted at above makes the long-term prospective analysis of the EROI of PV vs. conventional energy technologies an extremely complex and inherently uncertain endeavour, which falls outside the scope of the present paper.
Conclusions
Improvements in PV technologies over the last decade have brought about notable increases in their EROI. When calculated in terms of the electricity output per unit of primary energy invested (Eqn. 2), The EROI el of PV ranges from 6 to 12, which makes it directly comparable to that of conventional thermal electricity without CCS (4 24).
When instead calculated according to the often employed formula EROI PE-eq = T/EPBT (Eqn. 4), i.e. expressing the energy returned by PV in terms of its Primary
Energy equivalent , the EROI of PV is up to 19 to 38, which puts it squarely in the same range of EROI as conventional fossil fuels (oil in the range of 10 to 30; coal in the range of 40 to 80).
These new results prove that PV is already a viable energy option that may effectively contribute to supporting our societal metabolism, while significantly reducing the depletion of the remaining stocks of non-renewable (fossil) primary energy, and mitigating the concurrent environmental impacts in terms of global warming and polluting emissions.
However, even these remarkable results should not allow one to forget that PV, like all other renewable technologies, must still be supported by an initial investment of primary energy, which is, as of today, of fossil origin. We therefore argue that available monetary and energy resources should be funnelled in the right direction without delay, lest not enough high-EROI fossil fuels are left to support demand during times of gradual shift to renewable resources.
